Chromatin boundaries facilitate independent gene regulation by insulating genes from the effects of enhancers or organized chromatin. However, the mechanisms of boundary action are not well understood. To investigate whether boundary function depends on a higher order of chromatin organization, we examined the function of several Drosophila melanogaster insulators in cells with reduced chromatin-remodeling activities. We found that knockdown of NURF301 and ISWI, key components of the nucleosome-remodeling factor (NURF), synergistically disrupted the enhancer-blocking function of Fab7 and SF1 and augmented the function of Fab8. Mutations in Nurf301/Ebx and Iswi also affected the function of these boundaries in vivo. We further show that ISWI was localized on the endogenous Fab7 and Fab8 insulators and that NURF knockdown resulted in a marked increase in the nucleosome occupancy at these insulator sites. In contrast to the effect of NURF knockdown, reduction in dMi-2, the ATPase component of the Drosophila nucleosome-remodeling and deacetylation (NuRD) complex, augmented Fab7 and suppressed Fab8. Our results provide the first evidence that higher-order chromatin organization influences the enhancer-blocking activity of chromatin boundaries. In particular, the NURF and NuRD nucleosome-remodeling complexes may regulate Hox expression by modulating the function of boundaries in these complexes. The unique responses by different classes of boundaries to changes in the chromatin environment may be indicative of their distinct mechanisms of action, which may influence their placement in the genome and selection during evolution.
Chromatin boundaries, or insulators, play important roles in gene regulation in a wide variety of organisms. These specialized regulatory DNAs can block transcriptional influences from enhancers or silencers or from active or silent chromatin (15, 17, 20, 30, 49) . The best-characterized vertebrate insulators include the mammalian ICR boundary and the beta-globin HS4 boundary; both require the CTCF zinc finger protein for their enhancer-blocking function (8, 10, 11, 38, 51) . The Drosophila melanogaster genome contains the most diverse boundaries reported to date. Among these are the Mcp-1, Fab6, Fab7, and Fab8 insulators from the Bithorax complex (BX-C); the SF1 insulator from the Antennapedia complex (ANT-C); the suHw insulator from the Gypsy retrotransposon; and the scs and scsЈ insulators from the hsp70 loci. These different insulators depend on distinct protein factors for their enhancer-blocking activity. For example, the Fab7 and SF1 boundaries require the GAF protein, whereas the Fab8 insulator depends on dCTCF, the ortholog of the vertebrate CTCF protein, for its insulator activity (12, 29, 61, 78) . The Gypsy and the heat shock locus insulators also require unique DNAbinding proteins for their function (31, 34, 43, 77) . Recent studies indicate that insulator-like sequences are widely present in genomes and are likely involved in both gene regulation and genome organization (2, 9, 16, 40) .
The mechanisms underlying insulator activities are not well understood. Several models have been proposed based on functional and structural characteristics of insulators and their binding proteins (3, 19, 24, 32, 55, 60) . However, the cellular machinery that facilitates and regulates boundary function remains poorly characterized. For example, although boundaries are believed to limit the spread of organized chromatin, it is not clear how a higher order of chromatin organization in turn influences boundary function.
Here we show that nucleosome-remodeling factor (NURF), an ATP-dependent nucleosome-remodeling complex, modulates the function of several insulators from the Drosophila homeotic gene complexes (HOM/HOX) in an insulator-specific fashion. Using a cell-based enhancer-blocking assay, we show that knockdown of NURF301, the largest subunit of NURF, or ISWI, the ATPase component of NURF, disrupts the enhancer-blocking activity of Fab7 and SF1 and enhances that of Fab8. Double knockdown of NURF301 and ISWI synergistically affects the function of these insulators, suggesting that they do so in the context of the NURF complex. Mutations in the Nurf301/Ebx and Iswi genes also affect the SF1 and Fab8 insulators similarly in transgenic embryos. We further show that ISWI is localized on the endogenous Fab7 and Fab8 insulators and that NURF knockdown causes in a marked increase in the nucleosome occupancy at these insulator sites. In contrast to the effect of NURF knockdown, reducing dMi-2, the ATPase component of the Drosophila nucleosome-remodeling and deacetylation (NuRD) complex, augments Fab7 and suppresses Fab8. Our results show that nucleosome organization can affect the enhancer-blocking activity of multiple insulators from the Drosophila Hox clusters and that regulation of Hox genes by the NURF and NuRD nucleosome-remodeling complexes may involve modulation of boundary activity in these complexes. Our data suggest that the Fab7 class chromatin boundaries are compatible with open and active chro-matin, whereas the Fab8 class insulators may function in a more repressed chromatin environment. The unique responses by different classes of boundary elements to changes in chromatin environment may be indicative of their distinct mechanisms of action and may determine their placement in the genome and selection during evolution (see Discussion).
MATERIALS AND METHODS
Cell culture insulator assay, RNAi, and qRT-PCR. Construction of the transgenes used in the cell-based enhancer-blocking assay, S2 cell culture and transfection, and double-stranded RNA (dsRNA) treatment procedures were as described previously (52) . All experiments including RNA interference (RNAi) knockdown, fluorescence-activated cell sorting (FACS) analysis, quantitative reverse transcription-PCR (qRT-PCR), and semiquantitative duplex RT-PCR were done in triplicates or more. For dsRNA synthesis, sense and antisense RNAs were transcribed in vitro and annealed (MEGAscript kit; Ambion). Two different dsRNA preparations were made to target NURF301 or ISWI. For the first, DNAs corresponding to selected exons of Nurf301 or Iswi were PCR cloned into pCRII-TOPO (Invitrogen) and used as templates for in vitro transcription from the T7 and SP6 RNA polymerases. The primers used were 5ЈCGAGTCG GAGTATCACTACG3Ј and 5ЈACCAGCATGTAAAGTTCTCC3Ј (for Nurf301) and 5ЈCGCTCAATATCCTGCAACTCAG and 5ЈCATCGTCATCG TGCCAAAGT3Ј (for Iswi). We also designed RNAi probes according to the recommendation of the E-RNAi, an online dsRNA design tool (http://www.dkfz .de/signaling2/e-rnai/). The primers used for these probes contained T7 promoter sequences and were 5ЈTAATACGACTCACTATAGGGTGCATTTGCTGATT CTCGAC3Ј and 5ЈTAATACGACTCACTATAGGGATGTCCCTCAGGCAA GAAAA3Ј (for Nurf301), 5ЈTAATACGACTCACTATAGGGCTGCTTAATT TCCTGCTGCC3Ј and 5ЈTAATACGACTCACTATAGGGGCAGCTTGTCC AGAATAGCC3Ј (for Iswi), 5ЈTAATACGACTCACTATAGGGCAAGGGAC ATGGTGAGTGTG3Ј and 5ЈTAATACGACTCACTATAGGGGTCCTCATC GGCTACGGATA3Ј (for Hdac3), and 5ЈTAATACGACTCACTATAGGGGC TCTCGAGTCCTTGTCACC3Ј and 5ЈTAATACGACTCACTATAGGGGCA AGTCCAAGCTCAAGGTC3Ј (for dMi-2). The PCR products were purified and used directly as templates for in vitro transcription.
Total RNA was isolated using Trizol (Invitrogen) as previously described (52) . Real-time qRT-PCR data analysis and acquisition were done on an ABI 7500 real-time PCR system (Applied Biosystems). Relative quantitation (RQ) of the target mRNA level was calculated with the ABI 7500 software V2.0.
Briefly, first-strand cDNA synthesis was done using Superscript III (Invitrogen). The synthesized cDNAs were subsequently used as templates for the Qiagen QuantiTect SYBR green PCR system. Primers for qRT-PCR were designed using the Primer3 program to yield products of approximately100 bp in length (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The following gene-specific primers were used: 5ЈTTTCTCAGCCATCACAGTCG3Ј and 5ЈG GGTCGAATCGAACTTGAAC3Ј (for Gapdh), 5ЈGCAACTAATGAAGGCT CAAGA3Ј and 5ЈGAACAGGGGTTAGAGGAGGTG3Ј (for Nurf301), 5ЈAA CAAGGGCAAGAATTACACTGA3Ј and 5ЈGGAATTGCGGAGAAGCTCT TA3Ј (for Iswi), 5ЈCAGCCTGGTAATGAACTACGG3Ј and 5ЈCTTCGTATA GGCCACGGAAT3Ј (for Hdac3), and 5ЈATGCCTCCAATGCAGCTC3Ј and 5ЈTGCATGGAATACGAATGCTC3Ј (for dMi-2). The specificity of each reaction was confirmed by a single sharp dissociation curve and a single DNA product of the expected size on agarose gels. Duplicate qRT-PCRs were carried out using cDNAs prepared from two independent experiments.
The semiquantitative duplex RT-PCR was performed as previously described (52) . The following primers were used in RT-PCRs: 5ЈATAAGCGACGCCAT CTGTCC3Ј and 5ЈTTACGTTCTTCCTCATCATCC3Ј (for Nurf301), 5ЈTTAA GACCGCGAATCTGGTAGTC3Ј and 5ЈAAGAGAACTCGAACGAGACGA CT3Ј (for Iswi), 5ЈGAGGATTTGGTCCACAACTAGG3Ј and 5ЈCTTCGTAT AGGCCACGGAAT3Ј (for Hdac3), and 5ЈGATGGTGTCTCCCACACCGT3Ј and 5ЈCGATCGGCAATACCAGGGT3Ј (for actin 88F).
Flow cytometry. Twenty thousand to 50,000 cells were analyzed in each FACS experiment, using a FACSCalibur flow cytometer (Becton Dickinson). The fluorescence excitation frequency was 488 nm, and the photomultiplier detection voltages were 400 V for FL1 and 375 V for FL2. Fluorescence was detected using FL1 530/30 BP (green fluorescent protein [GFP] ) and FL2 585/42 BP (red fluorescent protein [RFP]) filters. Data analysis was done using the FloJo software. The GFP/RFP ratio (R) in the dual-reporter experiments was calculated as (GFP cell % ϫ GFP cell mean fluorescence) induced /(RFP cell % ϫ RFP cell mean fluorescence) induced . The change in GFP/RFP ratio (C) in Fig. 1 and 2 was calculated as R RNAi /R no RNAi ϫ 100%. The standard error of the mean (SEM) was calculated as Ϯstandard deviation (SD)/n Ϫ2 . The significance of the change of GFP/RFP ratio was determined using Student's t test.
Enhancer-blocking assay with wild-type and Ebx ry122 and Iswi 1 transgenic Drosophila embryos. The construction of the enhancer-blocking transgenes containing the SF1b insulator was described previously (12, 18) . The Fab8 element was PCR cloned into pCRII-TOPO (Invitrogen) using the primers 5ЈATTCAA ATTTATAATGAAAGTT3Ј and 5ЈGCGGCCGCTTCCATAAATTATTAT AT3Ј and subsequently cloned into the NotI site between the NEE and H1 enhancers in pEbNH (12, 18) . The Ebx ry122 and Iswi 1 mutant strains were kindly provided by the Bloomington Drosophila Stock Center (Bloomington, IN) and by John Tamkun (University of California, Santa Cruz), respectively. Males homozygous for the enhancer-blocking transgenes were mated with virgin females, either wild type (wt) or heterozygous for the Ebx ry122 and Iswi 1 mutations, respectively. Reporter expression in F 1 embryos from all crosses were examined under the same staining condition by whole-mount in situ hybridization using anti-lacZ RNA probes according to a previously described protocol (67) . The extent of enhancer blocking was evaluated in a double-blind fashion by at least two authors and categorized into no-block and strong-block groups.
ChIP. Chromatin immunoprecipitation (ChIP) experiments were performed using the EZ-Magna ChIP G kit (Millipore Corporation) according to the manufacturer's protocol with slight modifications. Approximately 10 8 S2 cells were used for each experiment. Two milliliters of cell lysate was sonicated using a Branson Sonifier 450 sonicator. Samples were kept cool in an ethanol-ice-water bath and sonicated for six 30-s pulses with 1-min pauses between them. Fragmented chromatin was diluted to ϳ5 ϫ 10 7 cells/ml in ChIP dilution buffer (Millipore EZ-Magna ChIP kit), distributed in 300-l aliquots, and used directly or stored at Ϫ80°C. The anti-ISWI (ab10748) and anti-histone H3 (ab1791) antibodies were purchased from Abcam. Following immunoprecipitation, DNA was analyzed by real-time PCR using the following primers: 5ЈGGAAGAGAG CGGAAAGTG3Ј and 5ЈTACACTCAAGCAGTCGCTCT3Ј for Fab7, 5ЈGCA CAATCAAGTTAATGTTGG3Ј and 5ЈAAGCGAAGAGTTCCATTCT3Ј for Fab8, and 5ЈCTACCCAGAAGACCGTCGAT3Ј and 5ЈCGACCTCCTCATCG GTGTAT3Ј for a control region in the coding sequence of the Gapdh gene.
RESULTS

NURF301
and ISWI facilitate the enhancer-blocking activity of the Drosophila Fab7 chromatin boundary. To test whether chromatin organization affects insulator activity, we examined the activity of several Drosophila insulators in cells with reduced chromatin-remodeling activities. We first employed a cell-based enhancer-blocking assay, which uses a transgene containing the metallothionein (MT) enhancer flanked by divergently transcribed GFP and RFP reporters (2ϫR) (52) . In transiently transfected Drosophila S2 cells, insulators such as suHw, SF1b, Fab7, or Fab8, when inserted between MT and GFP, can dramatically reduce the Cu 2ϩ -mediated induction of GFP compared to that of RFP (52) . The enhancer-blocking activity, indicated by the ratio of GFP/RFP induction, can be readily quantitated by FACS analysis. We have combined this assay with treatment with double-stranded RNA (dsRNA), which induces powerful and specific gene interference and is the predominant agent for RNAi-mediated gene knockdown in Drosophila. We have shown that knockdown of insulator proteins such as SuHw and dCTCF specifically disrupts the Gypsy and Fab8 insulator activities, respectively (21, 52) .
The Drosophila NURF nucleosome-remodeling complex disrupts ordered nucleosomes and increases DNA accessibility by "sliding" nucleosomes (69) (70) (71) 73) . NURF is also required for the activation of numerous genes, including the heat shock and Hox genes (5, 6, 25, 73) . NURF is of particular interest to us because it has been shown to partner with GAF, a protein implicated in the insulator function of Fab7 and SF1b (12, 63, 65, 69) . Therefore, we first knocked down NURF301, the largest subunit of NURF, and examine the effect on the activity of the Fab7 insulator. Drosophila S2 cells were transiently transfected with the Fab7-containing enhancer-blocking plasmid (2ϫR-Fab7) (Fig.  1A) . We have previously shown that the GFP/RFP induction ratio in these cells was greatly reduced compared to that with the no-insulator or spacer controls (2ϫR or 2ϫR spacer) (52) . Transfected cells were treated for 96 h with dsRNA against NURF301 (dsRNA-NURF), followed by Cu 2ϩ induction and FACS analysis. Quantitative RT-PCR (qRT-PCR) showed that the NURF301 mRNA level was reduced by 92% compared to that for the Gapdh control (Fig. 1A) . Semiquantitative RT-PCR also confirmed an approximately 80% reduction in NURF301 mRNA compared to the actin control (Fig. 1B , asterisk). The NURF301 knockdown significantly increased the number and fluorescence level of GFP-positive cells but not RFP-positive cells (Fig. 1C) . The resulting 50% increase in the GFP/RFP ratio (n Ն 3) is indicative of a significant loss of the Fab7 enhancer-blocking activity (Fig. 1D ). This result suggests that NURF301 facilitates the enhancer-blocking function of the Fab7 insulator.
To probe whether the disruption of the Fab7 insulator following NURF301 knockdown is due to its role in the NURF nucleosome-remodeling complex, we also knocked down ISWI, the catalytic subunit of a number of chromatin-remodeling complexes, including NURF, and examined whether it affected the Fab7 insulator. Treatment with dsRNA-ISWI resulted in a 68% reduction in the ISWI mRNA level, as assayed by qRT-PCR and semiquantitative RT-PCR (Fig. 1A and B) . It led to a significant loss of Fab7 enhancer-blocking activity, as shown by the 40% increase in the GFP/RFP ratio (Fig. 1D ). This indicates that ISWI indeed influences the Fab7 activity in a similar fashion as NURF301. Furthermore, double knockdown of NURF301 and ISWI elicited a dramatic loss of the enhancer-blocking activity of the Fab7 insulator, as shown by the 140% increase in GFP/RFP ratio (Fig. 1D) . The extent of disruption in Fab7 insulator activity by double knockdown of NURF301/ISWI is comparable to the knockdown effect of essential insulator components (52) . This indicates that the two NURF factors may facilitate the Fab7 insulator in a synergistic or cooperative fashion. Our results suggest that the NURF nucleosome-remodeling activity may participate in the function of Fab7.
NURF components modulate the enhancer-blocking activity of multiple Drosophila insulators in an insulator-specific fashion. The role of NURF in Fab7 activity is intriguing, because Fab7 has been shown to depend on the GAGA-binding protein GAF, which is known to interact with the NURF complex (65, VOL. 30, 2010 BOUNDARY MODULATION BY NUCLEOSOME-REMODELING COMPLEXES 1069 69). GAF is a member of the Trithorax group (Trx-G) proteins, which are essential for Hox gene regulation (26, 59) . It has also been implicated in the function of multiple Drosophila insulators, including Fab7, SF1, and Mcp1, all of which are located in the Drosophila Hox gene clusters (12, 58, 65) . However, the Fab8 insulator, located next to Fab7 in the regulatory region of the Hox gene Abd B, requires a different protein, dCTCF, the Drosophila ortholog of the vertebrate CTCF insulator protein (61) . To test whether NURF components participate in the function of other Drosophila insulators, we examined SF1 and Fab8 insulators in cells with reduced levels of NURF301 and ISWI. The 0.7-kb SF1b element, which contains the bulk of the enhancer-blocking activity of the SF1 insulator, can strongly block the MT enhancer in S2 cells (52) . Knockdown of NURF301 resulted in a strong reduction of the target mRNA (not shown). This elicited a smaller but significant loss of the SF1b insulator activity, as indicated by the 20% increase in the GFP/ RFP ratio. A similar knockdown of ISWI resulted in a mild increase of the insulator activity (10% decrease of the GFP/ RFP ratio). However, double knockdown of both genes resulted in a strong disruption of SF1b activity (75% increase in GFP/RFP ratio) ( Fig. 2A) . This result indicates again that the two NURF factors may synergistically regulate SF1b insulator function. The similar responses of SF1b and Fab7 to NURF301 RNAi and double NURF301/ISWI knockdown, together with their dependence on GAF, further suggest that SF1 and Fab7 may share an enhancer-blocking mechanism.
In contrast, the Fab8 insulator responded to the knockdown of NURF components differently from Fab7 and SF1b. Single knockdown of NURF301 or ISWI mRNAs reduced the GFP/ RFP ratio by 20% and 40%, respectively, suggesting a significant increase in the Fab8 enhancer-blocking activity. Double knockdown of both NURF301 and ISWI dramatically augmented the Fab8 insulator activity, as shown by the 70% reduction in the GFP/RFP ratio (Fig. 2B) .
These results provide the first evidence that the Drosophila NURF components modulate the enhancer-blocking activity of multiple Drosophila insulators, despite their distinct DNAbinding components. Our findings also suggest that NURF activity may modulate the enhancer-blocking activity in an insulator-specific fashion. While the Fab7/SF1 class insulators are facilitated by NURF factors, possibly through increased nucleosome mobility and chromatin flexibility, the Fab8 insu- lator may require a more rigid organization of nucleosomes arrays and therefore be suppressed by the NURF activity.
In addition to nucleosome-remodeling complexes, histonemodifying enzymes, such as histone acetyl-and methyltransferases also play important roles in regulating chromatin structure and organization (44) . To test whether histone modifiers, such as Drosophila histone deacetylase 3 (HDAC3), also influence insulator function, we examined the activities of Fab7, SF1, and Fab8 in S2 cells with reduced HDAC3 activity (41) . Treatment with dsRNA-HDAC3 resulted in a 75% reduction of the HDAC3 mRNA level, as quantitated by qRT-PCR and semiquantitative RT-PCR (Fig. 2C) . However, this change does not significantly affect the enhancer-blocking function of the Fab7, SF1b, or Fab8 insulator (P ϭ 0.45, 0.16, and 0.08, respectively) (Fig. 2D ). This result is in contrast to that for the NURF knockdown, suggesting that all chromatin modifiers do not participate in chromatin boundary function.
NURF mutations disrupt insulator function in transgenic Drosophila embryos. Next we validated the role of NURF factors in insulator function in vivo. NURF301 and ISWI activities are essential, and both are provided maternally (6, 23). We tested whether reducing the NURF301 and ISWI maternal input by half would influence the enhancer-blocking activity of SF1 and Fab8 in early embryos.
The NbbH transgene used in the embryo enhancer-blocking assay contains the divergently transcribed lacZ reporter and the miniwhite eye color marker (Fig. 3A, map) . The neuroectoderm enhancer (NEE) from the rhomboid gene and the stripe 1 enhancer (H1) from the hairy gene are placed between the two reporters ( Fig. 3A) (18) . Two copies of SF1b inserted between NEE and H1 strongly block the distal NEE enhancer, resulting in a loss of lacZ expression in the ventral lateral neuroectoderm in late-blastoderm-stage embryos (Fig. 3A,  wt) . Note that the H1-driven expression in the head is not affected (Fig. 3A) . Fifty to 100 transgenic embryos were scored in a double-blind fashion for enhancer blocking (see Materials and Methods) (12) . Approximately 78% of embryos from wildtype females showed a strong block, whereas only 1% showed no block. Embryos produced by females heterozygous for Ebx ry122 , a hypomorphic mutation of Nurf301, showed a significant increase in the NEE-directed lacZ expression, with 58% of embryos scored as having a strong block and only 9% as N and H (F8, oval) . Middle, lacZ expression in NF8H transgenic embryos produced by wild-type (top), Ebx ry122 (left), or Iswi 1 (right) females. lacZ expression is seen in the ventral lateral region in a wild-type embryo, indicative of a weak enhancer block. NEE-directed lacZ expression in mutant embryos was reduced, indicative of a strong enhancer block. Bottom, quantitation of the enhancer-blocking activity of Fab8 using 50 to 100 transgenic embryos as described for panel A (see Materials and Methods).
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having no block (6) . This is indicative of a loss of SF1b insulator function and is consistent with our observation with S2 cells. Embryos produced by female heterozygous for the Iswi 1 null mutation also showed a significant loss of SF1b insulator function, with only 53% of embryos showing a strong block and 11% showing no block (Fig. 3A) (23) . Next, we used an NF8H transgene to test the ability of Fab8 to block enhancers in NURF mutant embryos. In wild-type embryos, the Fab8 insulator blocked the distal NEE enhancer less effectively than two copies of the SF1b insulator, with 52% of embryos showing a strong block and 13.3% showing no block (Fig. 3B, wt) . The enhancer-blocking efficiency was significantly increased in embryos produced by females heterozygous for the Ebx ry122 mutation. The lacZ expression was significantly repressed in the NEE region, with 72% of embryos showing a strong block and 5.6% showing no block (Fig. 3B,  Ebx) . Embryos produced by females heterozygous for the Iswi 1 null mutation also showed a significant enhancement of the Fab8 insulator activity, with 70% of embryos showing a strong block and 0% showing no block (Fig. 3B, Iswi) . Our enhancerblocking results with transgenic embryos indicate that Nurf301 and Iswi differentially modulate the SF1b and the Fab8 insulator functions in vivo. These results are consistent with the NURF knockdown results from S2 cells and support a role of the Drosophila NURF nucleosome-remodeling complex in modulating the enhancer-blocking activity in an insulator-specific fashion.
The Gypsy insulator suHw responds distinctly to NURF knockdown. We have so far shown that NURF knockdown affects the function of several Drosophila insulators from the Hox gene complexes. Another well-characterized Drosophila insulator, the Gypsy insulator suHw, is distinct from the abovedescribed insulators in its retrotransposon origin and its unique transacting factors. We tested whether the suHw insulator is also affected by the knockdown of the NURF factors. The 340-bp suHw element can effectively block the MT enhancer in S2 cells (reference 52 and data not shown). Knockdown of NURF301 and ISWI resulted in a significant reduction of the insulator activity, as indicated by the 30 to 40% increase in the GFP/RFP ratio (data not shown). However, unlike the case for Fab7, with SF1b and Fab8, for which double knockdown of both NURF301 and ISWI caused a synergistic change in enhancer-blocking activity, reducing both NURF components affected the suHw function to the same extent as single knockdown. These results suggest that the two factors may affect the suHw function separately, rather than as part of the NURF complex. Furthermore, knockdown of HDAC3, which had little effect on Fab7, SF1b, and Fab8, disrupted the suHw activity as did knockdown of NURF, suggesting that the suHw function may be sensitive to general perturbation of the chromatin structure rather than to NURF-mediated nucleosome remodeling (data not shown). It is unclear why the suHw insulator responds differently to changes in chromatin remodeling than Fab7, SF1b, and Fab8. A possible explanation may lie in the different transacting factors associated with these insulators. Both GAF and dCTCF, which mediate the activity of the three Hox insulators, are known to directly interact with the NURF complex or to modulate nucleosome structure (1, 28, 64) .
NURF knockdown alters nucleosome occupancy at endogenous insulator sites. Our results suggest that the NURF nucleosome-remodeling complex may be part of the enhancerblocking mechanism. To test whether the NURF complex is specifically enriched at the endogenous insulators, we probed the association of NURF component ISWI on the endogenous Fab7 and Fab8 elements. It has been shown that the ISWI protein in Drosophila can be acetylated at K753 by the GCN5 acetyltransferase (27) . Although the acetylated form represents only a minor fraction of the total ISWI in the cell, it appears to specifically reside within the NURF complex but not the CHRAC/ACF nucleosome-remodeling complexes (27) . We conducted chromatin immunoprecipitation (ChIP) using an antibody that is specific for the acetylated form of ISWI (Ac-ISWI) to test the association of the NURF complex on the insulator elements. We included the Gapdh exon as a baseline control on the assumption that coding regions are less biased for NURF enrichment or depletion than regulatory sequences. We found that Ac-ISWI was differentially associated with the two insulators: whereas the protein was enriched on Fab7 by 2.5-fold over the Gapdh control, it was depleted (0.5-fold of the value for the Gapdh control) at the Fab8 site (Fig. 4A ). This observation is consistent with a recent report that the CTCF protein, the vertebrate ortholog of dCTCF, contains a strong nucleosome-positioning activity and can organize arrays of up to 20 nucleosomes around its binding sites (28) . It is possible that dCTCF may position nucleosomes by precluding NURF binding on Fab8. To examine whether effects of NURF knockdown correlate with changes in local nucleosome structure, we probed the nucleosome occupancy on the Fab7 and Fab8 insulators before and after NURF knockdown. S2 cells were treated with dsRNAs against both NURF301 and ISWI, followed by ChIP using anti-H3 antibody (Fig. 4B ). Fab7 and Fab8 elements exhibit similar nucleosome occupancy in wildtype cells. After knockdown, there is a dramatic increase or stabilization of nucleosomes on the Fab7 element (ϩ110%; P ϭ 0.0002) (Fig. 4B) . NURF knockdown also induced a significant increase in nucleosome occupancy on the Fab8 insulator (ϩ67%; P ϭ 0.02). Interestingly, while the increase in nucleosome occupancy coincided with a loss of the Fab7 activity, it resulted in a marked enhancement of Fab8 activity, further strengthening the role of nucleosome organization in the enhancer-blocking mechanism of this insulator.
NURF and dMi-2 nucleosome-remodeling activities affect Fab7 and Fab8 insulators in opposite directions. The NURF complex belongs to one of the three major classes of ATPdependent chromatin-remodeling activities that utilize ISWI, SWI/SNF, or Mi2, respectively, as their ATPase subunits (for reviews, see references 46, 56, and 57). Many of the functional characteristics of nucleosome-remodeling complexes are determined by their ATPase subunits. The NURF complex and the SWI/SNF complexes have well-documented roles in transcription activation. In contrast, the nucleosome-remodeling and deacetylation (NuRD) complex, which uses dMi-2 as the ATPase subunit, is often associated with transcription repression (6, 7, 23, 37, 42, 50, 74) . To investigate whether other ATP-dependent chromatin-remodeling enzymes exhibit an effect on insulator function similar to that of NURF, we decided to knock down dMi-2, the Drosophila ortholog of Mi-2, and examine its effect on the activity of Fab7 and Fab8 insulators (Fig. 5) . A 70% reduction of the dMi-2 transcript level coincided with a moderate enhancement of the Fab7 activity (22% reduction in GFP/RFP ratio) and a strong disruption in the Fab8 function, as seen in the 110% increase in the GFP/RFP ratio (Fig. 5A) . Our results show that the dMi-2-mediated nucleosome-remodeling activity affects the function of the Fab7 and Fab8 insulators in the opposite direction from NURF. It is unclear why the two nucleosome remodelers exert opposite effects on insulator function, but several differences between ISWI and dMi-2 have been previously documented. For example, dMi-2 can interact with both chromatosomes and nucleosomes, whereas ISWI binding requires the 248-bp nucleosomes that contain free DNA. Further, the ATPase activities of the two factors also show different histone tails or nucleosome dependence (22) . The two factors also differ in their nucleosome-remodeling mechanisms: while ISWI-mediated remodeling moves a nucleosome to the center of the DNA template, dMi-2 moves it to the ends of DNA (14) . It is also possible that NURF and NuRD complexes antagonize each other for interaction with the cis or trans components of the insulators. The opposing effects of the two complexes are consistent with their functional roles in Hox gene regulation: NURF is known to collaborate with GAF, a Trithorax group (Trx-G) protein, in enhancing Hox gene expression, whereas dMi-2 plays important role in Polycomb group (PcG)-mediated repression of Hox genes (5, 6, 42) .
DISCUSSION
Insulator function is influenced by higher-order chromatin structure. Chromatin boundaries organize the genome into functional units by limiting the range of organized chromatin and/or regulating enhancers. Understanding the interplay between boundary function and chromatin structure could provide further insights into their regulatory mechanisms. Previous studies have revealed that chromatin barriers in yeast and FIG. 4 . NURF localization at endogenous insulators and knockdown effect on nucleosome occupancy at these sites. (A) Differential localization of ISWI at endogenous Fab7 and Fab8 insulator elements. Fold enrichment of the Fab7 and Fab8 sequences over that for a control coding region (Gapdh exon) after chromatin immunoprecipitation (ChIP) in S2 cells using an anti-ISWI antibody is shown. Data represent the averages and standard deviations from three independent ChIP experiments, each with triplicate qPCR quantitation. (B) NURF knockdown increases nucleosome occupancy at the endogenous Fab7 and Fab8 sites. Fold enrichment of the Fab7 and Fab8 sequences over that for a control coding region (Gapdh exon) was determined by ChIP using an anti-H3 antibody before (green bars; n ϭ 3) and after (brown bars; n ϭ 3) NURF knockdown. vertebrates utilize chromatin-remodeling factors to establish centers of active chromatin that impede the spread of silent chromatin (72) . However, it is unclear whether the enhancerblocking function of boundary elements is also influenced by the structure of the surrounding chromatin. We showed that NURF and dMi-2 nucleosome-remodeling activities modulate the enhancer-blocking function of multiple Drosophila insulators from the homeotic gene complexes, providing the first evidence that a higher order of chromatin organization influences the enhancer-blocking activity of chromatin boundaries. Compared to that of Fab7 and Fab8, the effect of NURF knockdown on the enhancer-blocking activity of the suHw insulator appears to be less specific, possibly mediated by mechanisms that are independent of nucleosome organization. Fab 7 and Fab8 insulators utilize different enhancer-blocking mechanisms. We showed that the NURF component ISWI was differentially localized to the endogenous Fab7 and Fab8 insulators. Reduction of NURF function stabilized or increased nucleosome occupancy on both insulators. While this change disrupted the enhancer-blocking function of Fab7, it enhanced the function of Fab8. These results indicate that the two insulators differ in their enhancer-blocking mechanisms. It appears that the activity of Fab7 is compatible with or enhanced by an open and more flexible nucleosome structure. The Fab7/SF1 class insulators have been previously shown to depend on GAF, a protein known to partner with NURF during transcription activation, prompting the hypothesis that transcription activation and enhancer blocking may be related in mechanism (12, 23, 63, 65, 73) . Open chromatin and transcription initiation, facilitated by GAF and NURF, may functionally mimic aspects of a promoter and "trap" enhancers or activators (promoter decoy model [4, 13, 33, 39, 43, 62, 66] ). Alternatively, NURF may facilitate GAF-dependent insulators at the level of chromatin structure. GAF has been postulated to facilitate enhancer blocking by dimerizing with other GAFs bound at remote DNA sites to form chromatin loops (35, 55, 58) . It is possible that increased nucleosome mobility and chromatin flexibility facilitate chromatin loop formation and enhance the activity of these insulators. In contrast to the case for Fab7, NURF knockdown enhances the insulator activity of Fab8, suggesting that Fab8, and possibly other dCTCF/CTCFdependent insulators, may depend on highly organized nucleosome arrays for their enhancer-blocking activity. Indeed, a recent study indicated that CTCF exhibits a striking ability to position up to 20 nucleosomes surrounding its binding sites in the human genome (25) . However, the functional significance and mechanism of such nucleosome remodeling by the CTCF insulators were not clear. Our current data suggest that dCTCF/CTCF may confer enhancer-blocking activity by positioning nucleosomes, possibly by recruiting repressive nucleosome-or chromatin-remodeling enzymes (54, 75) .
Opposite roles of NURF and NuRD in modulating insulator activity. We showed that knockdown of dMi-2, the ATPase component of the Drosophila NuRD complex, enhanced the activity of Fab7 while suppressing that of Fab8. This is opposite to the effect of NURF knockdown. Both NURF and NuRD have been implicated in homeotic gene regulation. NURF301, the largest subunit of the NURF complex, was originally identified as enhancer of Bithorax (Ebx), an activator of the Ubx and other homeotic genes (5, 6). Conversely, dMi-2 was identified by its function in Polycomb-mediated repression of the homeotic genes (42) . Our findings suggest that NURF and NuRD nucleosome-remodeling activities may regulate the homeotic genes by modulating the function of chromatin boundaries within the HOM/HOX complexes.
It is unclear how nucleosome remodeling by these two complexes confers opposite effects on insulator function. Transcription repression by NuRD was originally attributed to its histone deacetylase activity (68, 74, 76) . However, recent studies have shown that dMi-2-related complexes without the histone deacetylase, such as dMec and dCHD (chromodomain-helicase-DNA-binding) complexes, could also mediate transcriptional repression (45, 47) . Mechanistic differences between ISWI and dMi-2 nucleosome-remodeling factors have been documented. For example, ISWI binding to nucleosomes requires the 248-bp nucleosomes that contain free DNA, whereas dMi-2 can interact with both chromatosomes and nucleosomes (14) . The ATPase activities of the two factors also show different histone tails or nucleosome dependence (22) . Interestingly, the two factors slide nucleosomes in opposite directions: while ISWI moves a nucleosome to the center of the DNA template, dMi-2 moves it to the ends of DNA (14) .
Our results show that the NURF nucleosome-remodeling activity facilitates the enhancer-blocking activity of SF1 and Fab7 boundaries, both of which also require GAF, a Trx-G protein, for their insulator function. These two elements may represent a class of Drosophila boundaries, which also include Mcp-1 and Evenskipped insulator, both GAF dependent, that function in an active and open chromatin environment (48, 58, 62) . Consistent with this notion, SF1, Mcp-1, and Fab7 boundaries are located between homeotic enhancers that are active in multiple body segments, possibly to insulate them from each other (8, 29, 36, 53) . In contrast, Fab8 is the most distal chromatin boundary element in the Drosophila Hox cluster, and its neighboring enhancers are silenced in all but the most posterior cells. Fab8 might function in such a repressive chromatin environment to limit the extent of PcG-mediated silencing encroaching into the Abd-B transcription unit. Interestingly, the CTCF/dCTCF class of insulators appear to be the only enhancer-blocking activities remaining in the vertebrate lineage. It is possible that changes in the genomic and higherorder chromatin organization played a role in the selection of chromatin boundaries during evolution.
